Enhanced external counterpulsation (EECP) is a FDA-approved treatment for patients with coronary artery disease and unstable angina. Although beneficial effects of EECP have been linked to central/cardiac adaptations, recent findings have shown peripheral/vascular effects. Here, we sought to determine EECP-induced blood flow patterns and their association with vascular function. The present study was designed to investigate endothelium-mediated arterial vasodilation changes after one 45-min session of either EECP or Sham EECP in 18 randomly assigned apparently healthy, young men (25±4 years). Brachial (b) and femoral (f) flow-mediated dilation (FMD) were assessed before and within 10 min after completing EECP or Sham. After 20 min of EECP, peak blood flow velocity (V) and brachial and femoral artery diameters (D) were recorded live for 2 min. In addition, a blood sample was drawn from the earlobe to determine hematocrit and then to calculate blood viscosity (l) and density (q), Reynolds number (Re ¼ V*D*q/l), and endothelial shear stress (ESS ¼ 2l*V/D). EECP increased retrograde shear stress and retrograde-turbulent blood flow in the femoral artery and antegrade-laminar shear stress in the brachial artery. fFMD was increased after EECP compared with Sham and baseline (fFMD ¼ 13.1±3.7 vs. 7.9±4.6% and 7.8±4.5%, respectively, Po0.05) and bFMD was increased after EECP compared with baseline (bFMD ¼ 10.6±4.8 vs. 7.0±3.5%, Po0.05), despite different blood flow patterns. These results provide novel evidence that a single session of EECP-induced blood flow patterns improve endothelial function in peripheral muscular conduit arteries.
INTRODUCTION
Enhanced external counterpulsation (EECP) is an FDA-approved treatment for patients with coronary artery disease and unstable angina. 1-6 EECP involves sequential inflation and deflation of compressible cuffs wrapped around the subject's calves, lower thighs and upper thighs. Compressed air pressure is applied via the cuffs to the lower extremities in a sequence synchronized with the cardiac cycle via microprocessor-interpreted ECG signals. Although several mechanisms have been proposed for the long-term effects of EECP in coronary artery disease patients, 2,4-6 the acute blood flow patterns created by the compressive cuffs and the immediate effects on peripheral vascular function have not been carefully studied in humans.
The ECG-synchronized inflation of the lower-body cuffs augments coronary diastolic pressure. 7 This cardiac, or central, adaptation has been the main research focus of EECP; however, current studies have shown vascular adaptations as well. 4, 8, 9 In fact, our laboratory has shown reduced stiffness in central elastic conduit arteries after 35 1-h sessions of EECP. 4, 8, 10 Although changes in aortic and coronary hemodynamics have been proposed as primary hypotheses for the central changes after EECP, just a few studies have focused on the peripheral hemodynamics. [11] [12] [13] [14] More specifically, acute blood flow patterns created by cuff compressions and their impact on peripheral endothelial function have not been studied in humans. The present study aims to determine if there is any acute peripheral vascular adaptation after a single 45-min session of EECP.
Finally, animal and human studies, [11] [12] [13] and mathematical models 14 have shown that EECP produces an increased retrograde blood flow and blood flow velocity in the lower extremities. Interestingly, there are some contradictory results when measuring endothelial function after retrograde flow. For example, a group of investigators 15, 16 reported that brachial artery flow-mediated dilation (FMD) was impaired after the brachial artery was exposed to increased retrograde flow. In contrast, recent findings from our lab showed that 35 1-h sessions of EECP improved femoral FMD. 4 Thus, the purpose of the present study was to characterize blood flow patterns in the femoral and brachial arteries during a single session of EECP and their relationship with endothelium-dependent vasodilation, measured via FMD. We hypothesized that blood flow patterns would be retrograde-turbulent and antegrade-laminar in the femoral and brachial arteries, respectively, and that both blood flow patterns would acutely improve vascular function.
METHODS Subjects
Eighteen young men, 19-34 years of age, were enrolled in the study. All subjects were apparently healthy with no known cardiovascular disease or major cardiovascular risk factors. Exclusion criteria included currently exercising three times per week or more, known cardiovascular disease including cardiac arrhythmias, prescription medication, 'over-the-counter' painkillers, such as NSAIDs or aspirin, or nutritional supplements containing antioxidants. The study was approved by the Institutional Review Board at the University of Florida, and written informed consent was obtained from all subjects. Subjects were placed in a supine resting position on the EECP gurney in a quiet temperature-controlled environment. Following a 10-min rest period, brachial blood pressure was measured in triplicate via an automated non-invasive device (BpTRU BPM-100, VSM MedTech, Coquitlam, BC, Canada). All subjects were tested at the same time of day to avoid any diurnal variations following at least 8 h of fasting and with no caffeine intake for at least 12 h. Female subjects were not recruited due to significant variations in vascular function during the four phases of the menstrual cycle. 17 
Experimental protocol
Subjects were randomly assigned to one of the two groups: group 1: active EECP (EECP, n ¼ 9) with cuffs inflated to 250 mm Hg (Angio New-IV, Vasomedical, Westbury, NY, USA); group 2: sham-EECP (Sham, n ¼ 9) with cuffs inflated to 50 mm Hg, which give the sensation of treatment without altering arterial hemodynamics. 7 All subjects received a single, 45-min session of EECP or Sham. Hematocrit was measured in duplicate before the EECP session. Before and during the EECP or Sham session, central aortic blood pressure was assessed non-invasively via applanation tonomtery (SphygmoCor, AtCor Medical, West Ryde, NSW, Australia) as previously described. 18 Finally, brachial and femoral FMD was performed before and within 10 min after the EECP or Sham session. During EECP or Sham, brachial and femoral artery diameters and blood flow velocities were assessed using high-resolution ultrasound and Doppler, respectively.
Brachial and femoral artery FMD
Brachial (b) and femoral (f) endothelial-dependent arterial vasodilation was performed using high-resolution ultrasound (HDI 3000, ATL, Bothell, WA, USA), and following international guidelines. 19 After lying quietly for 15 min, a 10.5-MHz linear phase array ultrasound transducer was used to image the left brachial and femoral arteries longitudinally and recorded directly to a digital storage device via a super video interface (Pinnacle System, Avid Technology, Tewksbury, MA, USA). Imaging was performed with the ultrasound probe fixed approximately 5 cm above the antecubital fossa and approximately 2 cm below the inguinal ligament for brachial and femoral measurement sites, respectively. Skin of the brachial and femoral sites were marked with a permanent marker to keep the site consistent between imaging acquisitions. After obtaining resting baseline end diastolic diameters and blood flow velocity, a blood pressure cuff placed on the upper forearm, 1-2 cm below the elbow or on the lower thigh, or 2-3 cm above kneecap, was inflated to 200 mm Hg for 5 min. The transducer was held in the same position for the duration of cuff inflation to ensure the same section of the brachial or femoral artery was measured before and after cuff inflation. Additionally, distal cuff placement has been suggested to serve as a more accurate bioassay of endothelial nitric oxide availability. 20 Brachial and femoral artery diameters were determined every 5 s for 150 s from 30 s before cuff deflation using automated edge-detection software (Vascular Research Tools, Medical Imaging Applications LLC, Coralville, IA, USA). Peak systolic blood flow velocity was also recorded every 5 s for 150 s from 30 s before cuff deflation. Brachial and femoral peak diameters were identified as the single peak diameter observed during the plateau phase after cuff deflation. 21 Brachial and femoral FMD were calculated as relative (%) and absolute change in brachial and femoral artery diameters in response to the forearm hyperemic stimulus. The hyperemic stimulus was calculated as the area under the shear rate curve (AUC) using the trapezoidal rule from the time-point of cuff deflation to the time-point of maximal post-deflation diameter, and it was used to normalize brachial and femoral FMD. 22, 23 In our laboratory, coefficient of variation for peak %FMD using this method is B8%. 24 Brachial and femoral artery diameters and blood flow velocities during EECP After 20 min of the 45-min EECP or Sham session, femoral and brachial artery diameters and peak systolic and diastolic blood flow velocities were measured. These measurements were performed with high-resolution ultrasound and Doppler using the same procedure described for arterial FMD testing. Data was continuously recorded for at least 2 min. All frames included for analysis had to meet the following inclusion criteria: (1) more than 5 s apart from any contiguous selected frame, (2) contain a clean vessel diameter and (3) contain averaged peak systolic and diastolic velocities directly calculated by Doppler. Data analysis involving blood flow velocity was averaged among at least 10 different time points within the 2-min acquisition period.
Blood flow-induced endothelial shear stress (ESS) and Reynolds number (Re)
ESS is the tangential force derived by the friction of the flowing blood on the endothelial surface. 25, 26 It was determined in brachial and femoral arteries during antegrade and retrograde blood flows using ESS ¼ 2m*V/D, where m is blood viscosity, V is peak blood flow velocity and D is artery diameter. ESS was expressed in dynes cm À2 . 27 Re is a dimensionless ratio of blood inertial forces to viscous forces. During laminar blood flow, Re values are low, typically lower than 1000. 25, 26 During turbulent blood flow, Re values are higher, typically above 2000. 25, 26 Re was calculated using Re ¼ (V*D*r)/m, where V is peak blood flow velocity; D is artery diameter; r is blood density; and m is blood viscosity. 28 Blood density was calculated using the following equation: [29] [30] [31] r ¼ ½1:09Hct þ 1:035Âð1 À HctÞ;
where Hct is hematocrit expressed as a fraction. Blood viscosity was determined using the following equations: [29] [30] [31] 
where m plasma is plasma viscosity expressed in 10 À1 N m À2 per s; T is temperature expressed in 1C; SR is shear rate (if SRo100 s À1 , then
Statistical analysis
Descriptive statistics, including mean, standard deviations (s.d.), standard error of the means (s.e.m.), and minimum and maximum values were obtained. Normal distribution for all dependent variables was confirmed using Shapiro-Wilkins and Smirnoff tests (at least one test P40.05). T-tests were performed for comparisons of single-time variables at baseline. Two-way repeated measurements-ANOVAs comparing dependent variables before and during or after EECP session, and between EECP and Sham groups were performed. Fisher's least significant difference was used as post-hoc analysis. Data is expressed as mean ± s.d. unless otherwise stated. All statistical analyses were performed using SPSS (version 19.0, Chicago, IL, USA), and statistical significance was considered when Po0.05. Table 1 shows general characteristics from the Sham and EECP groups at resting conditions before intervention. There were no significant differences in age, height, weight, body mass index, peripheral blood pressure, hematocrit and blood density between groups at baseline.
RESULTS

Central blood pressure
Central aortic diastolic and mean arterial pressures were higher during EECP compared with Sham (111±9 vs. 71±8 mm Hg and 98 ± 8 vs. 81 ± 7 mm Hg, Po0.05, respectively), but central aortic systolic blood pressure did not change during the 45-min EECP session. 16.6 ± 4.1 dynes cm À2 and À19.1 ± 5.1 vs. À3.8 ± 0.3 dynes cm À2 , Po0.05, respectively) ( Figure 3 ).
Blood flow patterns
Flow turbulence
Re was significantly increased in both brachial and femoral retrograde flows during EECP compared with resting conditions (Figure 4 ). However, blood flow was turbulent only in femoral retrograde flow (Re42000) during EECP compared with Sham (Figure 4d ).
Brachial and femoral FMD and hyperemic stimulus
Both brachial and femoral artery FMD increased after EECP compared with baseline (Figures 5a and c) . Femoral FMD increased after EECP compared with Sham, whereas the time to peak femoral dilation was reduced (Figures 5c and d) . There was no difference in the hyperemic stimulus before and after EECP what produced similar increases in brachial and femoral FMD when normalized by AUC (Tables 2 and 3) .
Absolute diameter changes Brachial artery baseline and peak diameters did not change with EECP; however, the absolute change was greatest after EECP ( Table 2) . Interestingly, femoral baseline diameter decreased after EECP, whereas femoral peak diameter remained unchanged. These differences are consistent with a greatest absolute diameter change after EECP (Table 3) .
DISCUSSION
The present study was designed to characterize peripheral blood flow patterns during a single 45-min session of EECP and determine the acute effects on endothelium-dependent vasodilation. The major findings in this study are threefold: first, peripheral blood flow patterns during EECP are antegrade-laminar and retrograde-turbulent in brachial and femoral arteries, respectively; second, both blood flow patterns create acute dramatic increases in ESS; and third, a single 45-min session of EECP produces immediate improvement on endothelial-dependent vasodilation in both brachial and femoral arteries. Few studies have investigated acute EECP-induced blood flow patterns. [11] [12] [13] [14] Using a porcine EECP model, Zhang et al. 11 found that brachial artery blood flow velocity and wall shear stress increased by 1.3-and 2.1-fold, respectively, during EECP. However, these authors did not study hind limb blood flow patterns. Using a numerical simulation of EECP, Ozawa et al. 14 showed significant increases in retrograde shear stress in the lower abdomen and femoral cuff sites (0 vs. À35 dynes cm À2 and 0 vs. À15 dynes cm À2 , respectively, Po0.05). Although this study was able to predict a biphasic pulse pressure in the radial artery during EECP, the authors did not report shear stress or acute blood flow patterns in the upper limb vasculature. 14 A decade ago, Cai et al. 12 studied the changes in blood flow velocity during EECP using an ultrasonic Doppler flowmeter. They observed a 1.2-fold increase in femoral artery retrograde blood flow velocity. However, the authors did not report either shear stress or blood flow patterns in the upper limb vasculature. 12 In a more recent study, Werner et al. 13 assessed blood flow velocity in the posterior tibial artery during EECP and brachial FMD after EECP. Although the authors observed Bfourfold increase in the pulsatility index, showing a significant increase in retrograde blood flow, there was no change in brachial FMD after EECP. 13 The present study, to the best of our knowledge, is the most comprehensive non-invasive investigation of acute EECP-induced blood flow patterns to date. We designed a placebo-controlled study where we measured acute blood flow velocities and vessel diameters in both the lower (femoral artery) and upper (brachial artery) extremities. In addition, we determined blood flow patterns in both vascular sites with the additional calculations of shear stress and flow turbulence. Furthermore, we performed endothelium-dependent vasodilation assessment in both vascular sites to determine the relationship between acute blood flow patterns during EECP and endothelial function immediately after EECP. Blood flow-induced ESS is the primary physiological stimulus that regulates vascular endothelial function. 25, 26, 32 The present study showed that ESS was increased Figure 3 ). In addition, we showed for the first time that this increase in ESS was associated with improvement in both brachial (51%) and femoral FMD (68%) ( Figure 5 ). Interestingly, blood flow patterns in femoral and brachial vessels were opposite. Whereas brachial blood flow was mainly antegrade-laminar, femoral blood flow was mainly retrograde-turbulent (Figures 1-4) .
Findings of the present study support the hypothesis that both antegrade and retrograde flow patterns can improve endothelial function when ESS is increased; however, they contradict previous studies. 15, 16 Thijssen et al. 15 and Tinken et al. 16 used brachial FMD to determine the effects of retrograde flow, induced by blood flow restriction 15 and forearm heating/handgrip exercise, 16 on endothelial function. In general, they found a dose-dependent decrease in brachial artery FMD with increased brachial artery retrograde blood flow. However, ESS data were not reported either at rest or during exercise. Even though retrograde shear rate significantly increased during blood restriction and handgrip exercise, ESS could have remained constant. The mechanism responsible for this phenomenon is the exponential increase of blood viscosity when shear rate decreases below 100 s À1 , which produces a buffer effect. 30, 33 This non-Newtonian fluid behavior, characteristic of human blood, would exponentially increase resting retrograde ESS. Therefore, it is conceivable that retrograde ESS during blood flow restriction 15 and/ or handgrip exercise 16 was not significantly greater than during resting conditions. In addition, when using reported data from these studies, 15, 16 for example, average brachial artery diameter of 4 mm, 16 peak retrograde velocity 15, 16 and average hematocrit of 50% in young men, peak retrograde Re calculated for both studies would be lower than B500, indicating the presence of laminar flow. Therefore, based upon at least two dimensions of blood flow, direction and turbulence, the decrease in brachial FMD observed in those studies was likely produced by a retrograde-laminar blood flow, with unknown shear stress. 15, 16 The present study has shown an increased femoral FMD when blood flow is retrograde-turbulent and ESS is increased. Determining if retrograde-turbulent flow without increased ESS would improve FMD needs further study.
Our results are consistent, at least in part, with in vitro and animal studies. [34] [35] [36] [37] Davies et al. 34 observed that beneficial changes in bovine aortic endothelial cells were produced by turbulent flow in vitro. In the present study, we observed improvement in femoral artery FMD after EECP, despite turbulent blood flow in the femoral artery during EECP. Duchene et al. 37 observed that vascular anti-inflammatory changes in human umbilical vein endothelial cells produced by laminar flow in vitro were dependent upon increased ESS. In the present study, EECP caused significant increases in brachial ESS and we observed improvement in brachial artery FMD after the EECP stimulus. Moreover, Cheng et al. 35, 36 have shown that turbulent flow could promote atherosclerotic plaque stability, rather than the oftenreported endothelial dysfunction, confirming than turbulent blood flow is not always detrimental to vascular health. In the present study, EECP caused retrograde turbulent flow in the femoral artery, but we observed improvement in femoral FMD after the EECP stimulus. Our findings may be associated with the endothelial mechanotransduction system. According to current theories, endothelial cells are capable of sensing blood flow via a complex mechanical system. 26, 38 Although antegrade laminar flow upregulates endothelial function, antegrade turbulent downregulates it. 26, 38 However, and based on Thijssen et al. 15 and Tijken et al. 16 studies, laminar flow could also downregulate endothelial function when flow is retrograde. The present study showed that retrograde turbulent flow could produce the same beneficial effects as antegrade laminar flow; although further studies are needed to confirm this in vivo finding.
Although our results showed clear improvement in both brachial and femoral artery FMD after EECP, we cannot overlook that reactive hyperemic responses are artery dependent. 22, 23, 39, 40 Although vascular reactivity to the hyperemic stimulus is higher in smaller than bigger vessels (for example, brachial vs. femoral), the present study showed comparable brachial and femoral artery FMDs ( Figure 5 ). The enhanced femoral FMD after EECP could be attributed to a significant acute decrease in the femoral baseline diameter observed immediately after EECP (Table 3) . It is possible that the 250 mm Hgexternal compressions elicit an increased femoral artery vascular tone, which increases shear rate. Thus, endothelium-dependent vasodilation is enhanced and accelerated. We did not measured the femoral baseline diameter recovery time. However, if this smaller femoral artery diameter is maintained for a period of time (for example, 2-3 h), it would enhance resting shear stress after EECP and could explain, at least in part, the femoral artery functional adaptations observed after chronic exposure to EECP. 4 Although there are several methodological differences, our results are in agreement with some of the aforementioned studies. 11, 12, 14 We observed increases in brachial artery shear stress during EECP similar to Zhang et al. 11 (1.75-fold vs. 2.1-fold increase, respectively) and similar significant increases in retrograde flow in the femoral artery during EECP compared to both Cai et al. 12 and the mathematical estimations by Ozawa et al. 14 Interestingly, Werner et al. 13 did not find any significant improvement in brachial FMD after one 1-h session of EECP. The main reason might be that the authors measured brachial artery diameter only 1 min after deflation, potentially missing the peak diameter. 22 The direct mechanical stimuli produced by acute EECP-induced blood flow patterns appear to have additive chronic effects after 35 1-h sessions of EECP. We recently reported peripheral vascular adaptations associated with increased nitric oxide bioavailability 4 and improved arterial stiffness 8,10 after 35 1-h sessions of EECP. Similar findings were observed in a recent study where chronic intermittent external compressions were applied to the forearm. 41 The EECP-induced creation of shear stimulus and subsequent acute improvements in brachial and femoral FMD observed in the present study support the hypothesis that peripheral arterial function may be the therapeutic target of chronic EECP treatment. 2, 6 Indeed, there is inadequate data to support the hypothesis that EECP increases myocardial perfusion and oxygen supply. An alternative hypothesis, supported by novel data from the present study, is that EECP improves peripheral arterial function, which serves to reduce left ventricular afterload and myocardial oxygen demand.
The present study was not without limitations. Our studied population was healthy, young individuals, whereas EECP is normally prescribed for patients with coronary artery disease. Further studies investigating EECP-induced blood flow patterns and acute vascular effects of EECP in clinical populations are appropriate. In addition, our sham group received 50 mm Hg compressions, which could increase venous return. Venous return could increase stroke volume via Frank-Starling law, increasing mean arterial pressure. Although this cascade of events is possible, invasive studies measuring central pressure during EECP have shown that pressure cuff of 100 mm Hg did not altered mean arterial pressure. 7 Finally, and to prevent further complexity, calculations of shear stress and turbulence were based on Poiseuille's laws approximation avoiding Womersley's pulsatile flow frequency analysis, which should have considered a two-pulse analysis (that is, heart rate and EECP). Nevertheless, the main findings on ESS of the present study should not change as we have recently reported that using Poiseuille approximation only underestimate ESS. 42 In summary, the present study showed that EECP acutely improves endothelium-dependent vasodilation in both femoral and brachial arteries. EECP creates opposite blood flow patterns in the femoral (retrograde-turbulent) and brachial (antegrade-laminar) arteries. However, both flow patterns dramatically increase ESS, suggesting that an increased ESS is needed to improve endothelial function. These findings support the hypothesis that peripheral arterial function could be considered another therapeutic target of chronic EECP treatment. 
